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Porosity is a defect which can arise from moisture or gases being 
introduced to the resin system before cure and also during the curing 
process when poor bagging techniques are used. The effect of porosity 
results in a degradation in compressive, transverse tensile, and 
interlaminar shear strengths. For example, for a 1% porosity level there 
is approximately a 7% decrease in the interlaminar shear strength [1]. 
Ultrasonics is the current state of the art NDE method for the 
characterization of porosity in composites using the back scatter and 
frequency dependent attenuation measurements. In this work a thermal 
diffusivity technique is investigated for the characterization of porosity 
in graphite composite parts. The advantages of using thermal techniques 
is the· noncontacting nature of the measurements and the ability to capture 
large areas using a thermal imager. 
In this research the use of a phase lag technique similar to [2], is 
used to make quantitative measurements of diffusivity in composite porosi-
ty samples. The design and calibration of a single point, noncontacting, 
noncryogenic thermal diffusivity measurement system is described. In 
addition, the fabrication of 16 ply composite samples with 1, 2, 4, and 8 
percent manufactured porosity is presented along with the measurement 
approach used for maximum sensitivity for defect inspection. Results of 
the through-ply diffusivity changes due to the varying porosity levels is 
shown. The relationship between amount of porosity and change in diffu-
sivity is analyzed using an electrical analog for modeling heat flow in 
the composite. 
DIFFUSIVITY MEASUREMENT SYSTEM 
The single point diffusivity measurement system used (as shown in 
figure 1) consists of three main components the heat source, temperature 
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detector, and computer. The heat source consists of a 250 watt infrared 
heat lamp which is controlled by a TTL clock. The lamp radiation is 
condensed using a pyrex lens and modulated by a shutter operated by 
another TTL clock . A PVF2 pyroelectric detector was used to measure 
changes in IR radiation. Pyroelectric detectors offer good sensitivity, 
and are rugged, and inexpensive. The infrared detector operates on a 
change in temperature and since the lamp radiation was modulated no 
chopping was required. The detector area was 1 mm2 in size and the 
measured area was approximately 5 mm2 . The interface electronics 
contained a high gain preamp connected to a 2 pole low pass Bessel filter. 
A computer was used to control the modulation of the lamp radiation . The 
output of the detector and the input to the shutter were digitized at 
a rate of 256 points per modulation frequency period for four periods. 
The relative phase of the two signals was calculated from their fast 
Fourier transforms. Independent measurements were made of the phase 
contributions of the shutter, PVF2 detector, and associated detector 
electronics. This was used to reduce the measured relative phase to a 
phase shift due to the presence of the sample in the system. From this 
phase shift, and known sample thickness and modulation frequency the 
diffusivity of the sample was calculated using a one dimension- heat flow 
model for a single layer as discussed later. 
SAMPLE PREPARATION 
The samples were 16 ply composite plates with a unidirectional lay 
up of 5208/T-300 prepreg tape . The porosity was fabricated by using 
hollow carbon spheres varying in diameter from 5-150 microns. The wall 
thickness of the outer carbon shell was approximately 1-2 microns. The 
manufacturer's quoted average sphere diameter was 50 microns. The 
measured size distribution for a given sample of carbospheres is shown in 
figure 2 and the computed average diameter was 22 microns . This 
difference may have been due to settling of the larger spheres within the 
container. Also smaller spheres tended to stick to larger spheres, 
therefore the number of spheres from the 0-5 microns range may be greater. 
The spheres were dusted within a defined area 2 inches in diameter between 
each ply during the lay up procedure. The manufactured porosity levels 
were 1, 2, 4, and 8 percent by volume . Each sample was approximately 4 by 
4 inches in size. 
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Figure 1. Measurement setup for through ply diffusivity . 
100 
Ill 
(I) 80 Average sphere ~ (ij diameter= 22 microns 
0.. 60 
0 
..... 40 (I) 
..0 
E 
:::J 
z 
20 
0 
Sphere Diameter (microns) 
Figure 2. Size distribution of carbospheres. 
HEAT FLOW MODEL 
The heat flow in a single layer, assuming periodic heating of one 
surface and no heat flow across the other surface is describe by the 
equation 
with 
and 
2 
a T (x) i (J) T (x) 
a 
boundary conditions: 
F= KaT (x) 
ax for x 
aT (x) = O 
ax for x 
(1) 1 
0 (2) 1 
1 (3) 
where 1 is the layer thickness, w is the angular excitation frequency, a 
is the thermal diffusivity, T is the temperature and K is the thermal 
conductivity of the sample. A solution from equations (1-3) can be used to 
calculate the phase difference between the source modulation and the 
temperature of the back surface. This phase difference is found to be, 
,f7'\ - Yz I p ,f7'\ 
"' 1t 1 "- 1 -lr e sin ( 12 1 p) ) 
'!'= -4 +-p -tan, 2 -Yzlp 
e cos ( fi 1 p ) - 1 ( 4 ) 
where 
p=~ 
(5) • 
For a multilayered system, the unidirectional heat flow can be represented 
by an electrical analog. The electrical analog is a series of of low pass 
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filters each representing a layer [3] . A schematic of the electrical 
analog of our 16 ply composite is shown in figure 3, with 16 stages 
corresponding to the 16 plies of the composite. The input heat flux 
corresponds to the input current I(w) and the temperature at the back face 
is denoted by the voltage V(w) at node 16. The thermal resistance and 
capacitance are defined as follows: 
1 R=-P KA 
and 
C = p cA1P 
where A is area, p 
heat. Diffusivity 
by 
1 2 
a. =-p-
RC 
is 
is 
(6) 
(7) 
density, lp is the ply thickness and c is specific 
related to the components of the electrical analogy 
(8) . 
The porosity contribution is estimated by a decrease in conduction 
area caused by the air filled carbon spheres at the ply interfaces. Each 
ply of thickness lp and area A is divided into two sub-plys. One 
containing the voids with thickness lv and the other with thickness lp -
lv. Since the voids are spherical in shape the thickness lv is equivalent 
to the average diameter of the spheres. To model the sub-ply with voids 
an interface resistance is added to the voidless electrical model as shown 
in figure 4. The interface resistance is a parallel combination of the 
resistances due to the area occupied by the spherical voids and the area 
remaining in contact. In a parallel combination the total value of the 
resistance is never greater than the smallest value. As the amount of 
porosity increases, its contribution to the resistance decreases with more 
heat flow through the porous region. The resistance equations are shown as 
follows: 
( 9) 
and 
(10) 
where lv is the average diameter of the voids, Kp is the thermal 
conductivity of the voids, and Apor is the area occupied by the spherical 
voids. The void areas were calculated using the known normalized volume 
porosity contents and the measured average diameter. The thermal 
conductivity of the spherical voids are due to the outer carbon shell and 
conduction within the air gap. Diffusivity is related to the electrical 
components of this electrical analog by 
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Figure 3. Electrical model of unidirectional heat flow. 
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Figure 4. One dimensional thermal model with porosity. 
MEASUREMENT APPROACH 
The magnitude of the measured temperature oscillation decreases by 
(12) 
as the thermal wave propagates [4]. Typically (2 a/ro) 112 is defined as 
the "thermal diffusion length" in the material of interest and 
experimentally this length is kept on the order of the thickness of the 
sample. For our composite samples with typical through ply diffusivities 
of .0043 cm2 /sec and thicknesses of .254 em, this requires the frequency 
be on the order of .02 Hz and frequencies in this range were used. Figure 
5 shows the signal attenuation as a function of heating frequency for a 16 
ply composite plate. It is desired that the correct heating frequency is 
used for maximum sensitivity to changes in diffusivity. The derivatives of 
equation (4) with respect to diffusivity and thickness are plotted using 
typical values of .0043 cm2 /sec for diffusivity and .254 em for 
thickness. The result in figure 6 show at higher heating frequencies the 
change in phase with respect to a change in diffusivity increases in 
magnitude. Likewise in figure 7 the change in phase with respect to a 
change in thickness also increases as the frequency is increased. 
Analysis reveals the measurement is slightly more sensitive to changes in 
thickness than to changes in diffusivity. To discriminate the phase 
changes it is important to know the thickness. With the sample thickness 
known, higher frequencies give more sensitivity to diffusivity, however as 
shown in figure 5 the measured temperature response decreases thereby 
establishing the bandwidth. After considering all factors .35 hertz was 
selected as the optimum modulation frequency. 
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Figure 5. Measured attenuation of signal. 
-15000. 
C\1 
< 
-20000. E 
0 
0 
-25000. 
<I> 
Vl 
' 
-30000. Vl 
<I> 
~ 
Ol 
-35000. 
<I> 
'0 
-40000. 
0.2 0.4 0.6 0.8 
Frequency (hertz) 
Figure 6. Sensitivity to diffusivity. 
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Figure 7. Sensitivity to thickness. 
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RESULTS 
A plot of the measured phase with respect to frequency for each of 
the porosity levels is shown in figure 8. Each point represents an 
average of five measurements. From figure 8 the difference in phase 
between samples of different porosities increases as the frequency 
increases as expected from figure 6. For each frequency the diffusivity 
can be calculated using equation (4) . A slight unexpected variation in 
calculated diffusivity with frequency was found for these samples. This 
is suspected to be a result of lateral heat flow in the samples. For the 
purpose of comparison the diffusivity from measurements at .35 hertz was 
used. The change in diffusivity as a function of porosity is shown in 
figure 9. Also shown in figure 9 is the results of the electrical analog 
model for the different porosities. As can be seen from the figure the 
agreement between the model and measurements is very good. The average 
diameter of the spheres (or thickness of sub ply with porosity) used in 
the model was 27 microns. This value was slightly higher than the 
histogram average diameter of 22 microns. This slightly larger value may 
have been due to the clumping effects of the smaller spheres 5 microns and 
less. The carbon spheres thermal conductivity value used in the model was 
.0025 W/C-cm slightly more than the manufacture's quoted value of .0017. 
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Figure 9. Comparison of measured diffusivity to the model. 
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The thermal conductivity of the fiber/matrix value used in the model was 
.0132 W/C-cm. This value is contingent on the fiber volume fraction ratio. 
CONCLUSIONS 
Characterization of simulated porosity in graphite composites can be 
accomplished by thermal diffusivity measurements. Since the porosity was 
simulated using ho.llow carbon spheres it is expected that "real world" 
porosity would produce greater diffusivity changes due to a lower thermal 
conductivity. It has been demonstrated that it is possible to model this 
change in diffusivity with a simple electrical analog and an assumption 
that the porosity changes the contact resistance between plies. The 
measurement uncertainty was calculated to be no more than 2 percent for an 
average of five diffusivity measurements. 
Future work will require destructive tests to find the fiber volume 
fraction ratios for verification of the thermal conductivity value used in 
the model. Also the use of a thermal imaging system in conjunction with a 
real time image processor for diffusivity mapping over large areas will be 
an improvement over the single point detector system used. Finally the 
need for inspection of actual industrial porosity samples in conjunction 
with ultrasound would be appropriate. 
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